RESEARCH ARTICLES

Enrichment of potent GSK-3/ inhibitors from
docking studies in the enzyme active site
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We have presented molecular docking studies using
Glide, in the active sites of the X-ray crystal structures
and induced fit models of glycogen synthase kinase-38
(GSK-3p). Using the docking score as the ranking
metric, we have computed the enrichment of known
GSK-3g inhibitors which are seeded in a decoy set of
World Drug Index compounds. Interestingly, our stu-
dies have found that extra precision docking of com-
pounds into the ensemble of protein structures either
from X-ray data or induced fit models and ranking
them by GlideScore, lead to the best retrieval of ac-
tives in the top 5% and 10% of the database with sig-
nificant enrichment. Our studies emphasize the
significance of induced fit models in such enrichment
when experimental data are limited.
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GLYCOGEN synthase kinase-34 (GSK-3f6) is a unique
multifunctional serine/threonine kinase that is inactivated
by phosphorylation. In response to insulin binding, PKB/
AKT phosphorylates GSK-3£ on serine 9, which prevents
the enzyme from phosphorylating glycogen synthase'™.
Unphosphorylated glycogen synthase is active and able to
synthesize glycogen. Thus it plays a key role in the trans-
duction of regulatory and proliferative signals arising out
at the cell membrane in the insulin signalling pathway,
leading to potential modulation of blood glucose levels®.
GSK-34 inhibitors have been discovered and developed
as potential therapeutics against type-2 diabetes®. GSK-3/3
is also unique in that it requires a substrate that has been
phosphorylated by a distinct kinase before it can phos-
phorylate the substrate.

In addition to insulin signaling, GSK-3/ participates in
the Wingless Integration (WNT) gene signaling pathway,
where it forms a complex with axin, f-catenin and ade-
nomatous polyposis coli protein®. In the presence of
WNTs, GSK-3f4 is unable to phosphorylate f-catenin,
which leads to stabilization of f-catenin. GSK-34 has
been linked to a diverse array of diseases like muscle hy-
pertrophy, cancer, bipolar mood disorder, schizophrenia
and diabetes. In addition, there is considerable interest in
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the clinical role of GSK-3/ inhibitors because they may
mimic the effect of insulin or reduce the hyper-phospho-
rylation of Tau protein observed in Alzheimer’s disease’.
Phosphorylation of Tau by GSK-34 modulates its ability
to organize microtubules into ordered arrays such as those
found in axons'.

Considerable interest has been devoted to the elucida-
tion of the structure of GSK-3/ and the interactions with
its inhibitors and substrate analogues. To date, thirteen
high to moderately resolved (resolution of 1.95 to 2.8 A)
X-ray structures (1GNG, 1H8F, 1109, 1J1B, 1J1C, 109U,
1PYX, 1Q3D, 1Q3W, 1Q41, 1Q4L, 1Q5K and 1UV5)* '
are documented in the Protein Data Bank (PDB)Y. In
addition, one X-ray complex is recorded in patent litera-
ture'®. An overlap of some of these structures shown in
Figure 1, clearly demonstrates two distinct ligand-binding
sites. One of them corresponds to the so-called active site
and the other to the phosphorylation site. A number
of different chemical classes of compounds (Figure 2)
bind to these two sites and their interactions with the
active site residues are stabilized by hydrogen-bonding
networks. In most of the X-ray structures, these inter-

Phosphorylation
Site

Figure 1. Overlap of X-ray structures of GSK-3f (1H8F, 109U,
1PYX, 1Q4L, 1Q5K and 1UVS5). The ligand in 1H8F (4-(2-hydroxy-
ethyl)-1-piperazine ethanesulfonic acid) is bound in the phosphorylation
site.

CURRENT SCIENCE, VOL. 93, NO. 8, 25 OCTOBER 2007



RESEARCH ARTICLES

R
'N
M o\ NS

cl o
H{ \
N\ Z
'\ o]
P
° H 0 \H
(B) |
S OH

(D) N
[e]
F
N
B
N N
NI/ Br
(F)
NI N
> Ny N
N
¥ QD
0
(© (H)

Figure 2. Schematic illustration of representative chemotypes found
in the set of 10 GSK-3f actives used in enrichment studies.

actions are mediated by at least one molecule of water.
Recently, in addition to structural elucidation, 3D-QSAR
studies using CoMFA have been presented on a specific
class of GSK-3f inhibitors. The results of the CoMFA
analyses did not correspond to the active-site interactions,
but claim to characterize the fundamental features of the
receptor—ligand interactions™.

In light of the biological significance of GSK-3/4 in
various disease areas and in light of the availability of
high-resolution X-ray structure data, we have undertaken
molecular modelling studies to determine optimal protocols
useful for discovering potential inhibitors with novel
templates. Toward this goal, we have carried out docking
studies in the active site of GSK-3£ using Schrodinger
docking and simulation tools on six of the X-ray structures
and on protein models induced to fit non-cognate ligands.
Specifically, we have focused our attention in this study
on the enrichment of known actives seeded in a collection
of decoys. Our studies clearly demonstrate that the more
accurate extra precision (XP) docking leads to greater en-
richment of the actives seeded amongst decoys than that
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obtained by (standard precision (SP) docking. We also
demonstrate that in the event of limited availability of
X-ray data, an ensemble of available structure data and
induced fit models can be employed to enhance recovery
of actives from a database of compounds. Thus, the XP-
docking based protocol is established to be important in
the identification of actives that tend to bind to the active
site with the right profile of interactions. Furthermore,
our studies provide valuable insights into the role of key
active-site residues in the interactions of potential inhibi-
tors with the enzyme active-site.

Methods and nomenclature
Ligand preparation

The three-dimensional structures of ten known GSK-34
inhibitors (Figure 2) and 1990 decoy molecules (chosen
randomly as a subset of 20,000 World Drug Index (WDI)
compounds) were prepared using the LigPrep module of
Maestro v7.0.113 in the Schrodinger suite of tools™. The
bond orders of these ligands were fixed and the ligands
‘cleaned’ through LigPrep specifying a pH value of 7.0.
Most probable tautomers of the compounds were chosen
based on their interactions with the protein in the X-ray
structures. In the final stage of LigPrep, the compounds
were energy minimized with Merck Molecular Force
Field (MMEF)*.

The active inhibitors belong to eight distinct chemo-
types and span a molecular weight range of 300 to 500.
The decoy set of molecules also span the same range of
molecular weight and have at least 200 different chemo-
types represented in it. Figure 3 a—d shows the histograms
of distribution of molecular weight, log P and number of
hydrogen-bond donors and acceptors for both the active
and decoy sets. It may be observed that the property dis-
tribution of decoys are similar to that of actives, except in
log P distribution, wherein actives have log P concen-
trated in the region of 2—4 (Figure 4 b). In other words,
the property distribution also indicates that there is
enough diversity in the decoys as well as actives consid-
ered in the study.

Protein preparation

Six out of seven PDB structures (available at the time of
study) were chosen for the investigations, excluding the
apo-structure, 1GNG. The PDB coordinates of the X-ray
complexes (1H8F, 109U, 1PYX, 1Q5K and 1UV5) were
aligned to the crystal structure 1Q4L (selected randomly),
using the protein alignment tools in Maestro. This allows
for the superposition of all the protein chains and ligands
in a common framework of the protein active site and the
phosphorylation site. All the crystallographic water mole-
cules were deleted with the exception of those forming
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decoy molecules (/) used in the enrichment studies.
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(4). 2-CHLORO-5-[4-(3-CHLORO-PHENYL)-2,5-
DIOX0-2,5-DIHYDRO- 1H-PYRROL-3-
YLAMINO]-BENZOIC ACID ( 1Q4L)

ML

(5). N-(4-METHOXYBENZYL)-
N'-(5-NITRO-1,3-THIAZOL-2-YL)UREA (1Q5K )

(6). 6-BROMOINDIRUBIN-3'-OXIME [ (3E)-6'-BROMO-2,3'-
BIINDOLE-2',3(1H,1'H)- DIONE 3-OXIME] ((1UV5)

Schematic illustration of ligands in (1) 1H8F, (2) 109U, (3) 1PYX, (4) 1Q4L, (5) 1Q5K and (6) 1UVS.
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bridge interactions between the protein residues and
ligand atoms. In the case of 1PYX, two active-site mag-
nesium ions were also retained as part of the protein.
Once aligned, hydrogens were added to all the protein—
ligand complexes, which were initially subjected to single-
point energy calculation using the protein modelling
package, Prime. This calculation was carried out using
OPLS-2001 force field incorporating implicit solvation®.
This process allows for the addition of missing side-chain
atoms to the protein residues. The guanidines and ammo-
nium groups in all the arginine and lysine side chains
were made cationic and the carboxylates of aspartate and
glutamate residues were made anionic. Asn185 side-chain
amides were flipped by 180° to optimize the interactions
with the X-ray ligands. In addition, the Asp200 side-chain
carboxylate was treated in a neutral form in the protein
structures of all the complexes, with the exception of
1PYX. This is necessary in light of the fact that the bind-
ing of the ligand in 1PYX is stabilized by two magnesium
ions bound to Asp200 carboxylate. However, there are
no Mg”?' ions present in any of the other five crystal
structures.

Following the above steps of preparation, the protein—
ligand complexes in the X-ray structures were subjected
to energy minimization using the Schrodinger implemen-
tation of OPLS-2001 force field with implicit solvation®
in two stages. In the first stage, the positions of water
molecule/s and/or active-site Mg®' ions were optimized
keeping the ligand and the protein atoms in their X-ray
structure positions. In the second stage, the entire complex
was minimized and minimization terminated when the
root mean square deviation (RMSD) of the heavy atoms
in the minimized structure relative to the X-ray structure
exceeded 0.3 A. This helps maintain the integrity of the
prepared structures relative to the corresponding experi-
mental structures, while eliminating severe bad contacts
between heavy atoms.

Docking studies

Docking studies on LigPrep-treated actives and decoys
were carried out in the active sites of 1H8F, 109U, 1PYX,
1Q4L, 1Q5K and 1UVS5 using the Schrodinger docking
program”**, Glide. The protein—ligand complexes prepared
as described above were employed to build energy grids
using the default value of protein atom scaling (1.0)
within a cubic box of dimensions 34 A x 34 A x 34 A
centred around the centroid of the X-ray ligand pose. The
bounding box (within which the centroid of a docked
pose is confined) dimensions were set to 14 A x 14 A x
14 A. The best docked pose (with lowest GlideScore
value) was saved per ligand. The representative results of
XP docking scores are provided in Table 1. In the case of
1H8F, GlideScore was not good and this was improved
subsequently in induced fit docking.
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Induced fit docking studies

We have carried out induced fit docking studies on the
1Q5K protein model, wherein induced fit models have
been obtained to fit ligands in non-cognate structures. In
other words, the 1Q5K protein structure was induced to
fit the ligands of 1Q4L, 1PYX, 109U and 1UV5. We
have used the procedure described by Sherman et al.® via
a Python script executed in the framework of Maestro
v7.0.113. For the protein model, initial docking was per-
formed with a grid (defined using centroid of the ligand)
with default parameters. Twenty poses were chosen to be
saved after initial Glide docking, which was carried out
with van der Waals scaling of 0.4 for both protein and
ligand non-polar atoms. After obtaining initial docked
poses, Prime side chain and backbone refinement together
with the minimization of the docked pose were carried
out within a sphere of 5 A from each pose saved. Glide
re-docking was carried out in Prime refined structures
having Prime energy values within 20 kcal/mol of the
lowest energy value. The RMSD values of the ligand
poses having best induced fit docking (IFD) score relative
to the corresponding X-ray poses were determined.
Higher ranked poses (2-5) of the induced fit docking
score were also considered for RMSD calculations.

Enrichment studies

In order to identify GSK-3/ protein models suitable for
enrichment of active inhibitors of the enzyme, SP and XP
docking studies were carried out on the ‘database’ of
2000 ligands (10 actives seeded amongst 1990 decoy
molecules) in the active sites of 1H8F, 109U, 1PYX,
1Q4L, 1Q5K and 1UV5. This database has a random hit
rate of 0.5% (=10*100/2000). As stated earlier, the top-
ranked pose for each docked ligand (based on Glide-
Score) was saved. Percentages of actives retrieved in the
top 5% (100) and 10% (200) of the database ranks were
counted. In addition to looking at the retrieval of actives
in individual structures, we have also considered such re-
trieval from the ensemble of protein structures. Toward
this end, all the hits obtained by docking into each of the
members of the ensemble were pooled and re-ranked using

Table 1. Representative XP docking results of cognate docking
of complexed ligands to active site of corresponding GSK-34 X-ray
structures

PDB ID XP GlideScore  XP Glide energy (kcal/mol)
1HS8F -5.27 -33.60
109U -8.71 -24.67
1PYX -11.55 -71.25
1Q4L -13.38 -57.19
1Q5K -9.25 -46.23
1UV5 -16.13 —54.38
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GlideScore. Redundancy in the hits obtained was elimi-
nated; for each hit, only the model/pose with the lowest
GlideScore was retained. This was followed by the count-
ing of actives retrieved from the top 100 (5%) and 200
(10%) ranks.

Results and discussion
Validation of docking X-ray ligands

Before carrying out docking studies with the database
ligands, the default docking protocol (including a van der
Waals scaling of 0.8 for ligand atoms) was validated with
the poses obtained for X-ray ligands in cognate (self)
docking studies. Thus, for example, ligands (4) and (5)
(Figure 4) were docked in the active sites of 1Q4L and
1Q5K respectively. The validation process consisted of
two parts: (i) retention of key interactions seen in the
native X-ray complex and (ii) RMSD values of less than
2 A between the heavy atoms of the top-ranked docked
pose and the X-ray pose. Cognate docking in all the active
sites yielded top-ranked poses within 2 A of the corres-
ponding X-ray poses (details published elsewhere). Some
of the key interactions observed in X-ray complexes and
conserved in docked poses are described in the following
paragraphs.

Ligand (1) in 1H8F is bound in the phosphorylation site
with ionic interactions between the SO moiety on the
ligand and the side chains of Arg96, Arg180 and Lys205
on the protein. In addition, the SO3” moiety forms stabi-
lizing electrostatic interactions with phenolic hydroxyl
group in the aromatic side chain of Tyr216.

In the case of ligands bound in the active site of the
GSK-34 crystal structures (2—6), four out of five form
hydrogen bond interactions with the backbone carbonyl
oxygen of Asp133 (Figure 5a—f). The only exception to
this bonding is the ligand in 1Q5K (5), which forms hydro-
gens bonds both the N-H and C=0 moieties of Vall135
(Figure 5 e). However, all the five ligands form hydrogen
bonds with the backbone N-H or C=0 of Val135. In addi-
tion, these ligands are also hydrogen bonded to active-site
waters, which hydrogen bond with the backbone NH
moiety of Asp200 or the side-chain amide of GIn186.
Furthermore, the aromatic phenol in Tyr134 provides hy-
drophobic stabilization to most of the ligands (3-6) in the
active site (Figure 5c—f). All these interactions are con-
served in corresponding top-ranked docked poses (details
published elsewhere).

Enrichment studies

We have utilized the protein structures from the X-ray
crystal data (1H8F, 109U, 1Q4L, 1Q5K, 1UV5 and 1PYX)
and protein models obtained by induced fit docking of
non-cognate ligands to carry out enrichment studies.
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Since the results obtained for docking in the ‘active site’
of 1H8F protein model are identical to those obtained
with 1Q5K, data for the former are not discussed further.
Also, the induced fit models employed in the enrichment
docking studies are obtained by inducing the protein
structure in 1Q5K to bind to ligands (2), (4) and (6) (de-
tails published elsewhere). These studies help us identify
the optimal protocol for the highest enrichment of actives
in the top 5 and 10% of the database GlideScore ranks.

Table 2 shows the retrieval of GSK-34 actives seeded
into the decoy database as described earlier, from SP and
XP docking into the X-ray structures of 109U, 1PYX,
1Q4L, 1Q5K and 1UVS5. Specifically, percentages of
active compounds recovered in the top 5 and 10% of the
GlideScore ranks are listed. The results of ensemble
docking into these five crystal structures are also illustra-
ted in Table 2 (last row).

The results indicate that at least half the actives are re-
trieved in the top 5% (100) of the SP docking ranks in
two out of the five X-ray structures, while three out of
five structures do so in the top 5% of XP docking ranks.
As is to be expected, larger percentages of actives are re-
trieved in the top 10% (200) of the database ranks in all
the X-ray structures. Of particular interest are the cases of
docking the database of actives and decoys into the active
sites of 1Q5K and 1PYX proteins. In the case of 1Q5K,
no actives are retrieved in the top 5% of either SP or XP
docking, while only one out ten actives is retrieved in the
top 10%. No actives are retrieved by SP docking into the
1PYX active site within 10% of the ranks, while 40% of
the actives are obtained in the top 100 and 200 ranks in
XP docking. Ensemble docking into the five proteins re-
trieves at least 70% of the actives within the top 5% of
the GlideScore ranks, while the corresponding percentage
is 90 when the top 10% of the ranks is considered. Thus,
it is clear that upon SP docking of the database, screening
the top 10% of the ranks will recover 90% of the actives
yielding a nine-fold enrichment of actives. In the case of
XP docking into the five-protein ensemble, an 18-fold
enrichment is obtained since 90% of the compounds are
recovered in the top 5% of the GlideScore ranks (Table
3). It can be noted that the enrichment in XP docking
results are better than those of SP docking. This can
be attributed to incorporation of additional terms in XP

Table 2. Percentage of actives recovered by the top 5 and 10% of the

database ranked by GlideScores obtained in SP and XP docking proto-

cols in the active sites of GSK-3 4 X-ray structures. Also shown are the
retrieval percentages obtained in the ensemble of protein structures

Protein SP (5%) SP (10%) XP (5%) XP (10%)
109U 40 60 60 80
1PYX 0 0 40 40
1Q4L 80 80 90 90
1Q5K 0 10 0 10
1UV5 50 60 60 60
Ensemble 70 90 90 90
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b

Lys203

Figure 5. a, Illustration of ligand binding site in 1H8F. Ligand (1) is docked in the phosphorylation site with ionic interactions between the SO3~
moiety on the ligand and the side chains of Arg96, Arg180 and Lys205 on the protein. The side chain of Tyr216 is also shown for perspective.
b, Mustration of ligand binding site in 109U. Ligand (2) is docked in the active site with hydrogen bonding interaction with the backbone carbonyl
of Asp133 and N-H of Val135. Also shown is the active site water HOH56, which hydrogen bonds to one of the five-membered ring nitrogens.
¢, NMustration of ligand binding site in 1PYX. Ligand (3) is docked in the active site with ionic interactions between the phosphate moieties on the
ligand and the side chains of Lys85 and Lys183 on the protein. The ligand pose in the X-ray structure is also stabilized by two magnesium ions in
the active site (orange spheres). d, Illustration of ligand binding site in 1Q4L. Ligand (4) is docked in the active site with a network of hydrogen-
bonding interactions with Asp133, Val135, GIn185 and Argl41. Also shown is HOH508, which interacts with the acid group on one of the phenyl
rings in the ligand and with GIn185 side chain carbonyl oxygen. e, Illustration of ligand binding site in 1Q5K. In this protein-ligand complex,
ligand (5) does not form hydrogen bonds with the Asp133 carbonyl as observed in 1Q4L, 109U, 1PYX and 1UV5. f, Illustration of ligand binding
site in 1UV5. Ligand (6) is docked in the active site with hydrogen-bonding interaction with the backbone C=0 of Asp133 and N-H of Val135. The
active site water molecule HOH19 trapped between the ligand and nearby protein residue does not form any hydrogen-bonding interactions with the
ligand atoms.
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Table 3. Percentage of actives recovered by the top 5 and 10% of the
database ranked by GlideScores obtained in SP and XP docking proto-
cols in the active sites of GSK-34 X-ray structure 1Q5K and its models
induced to fit ligands (2) (IF_109U), (4) (IF_1Q4L) and (6) (IF_1UVD5).
Also shown are the retrieval percentages obtained in the ensemble of
protein structures from X-ray structure and induced fit models

Top 5% Top 10% Top 5% Top 10%
Protein (SP) (SP) (XP) (XP)
1Q5K (X-ray) 0 10 0 10
IF_109U 10 10 60 70
1IF_1Q4L 30 50 80 90
IF_1UV5 10 20 30 40
Ensemble 30 50 50 50

Figure 6. An overlay of ligand (6) in X-ray pose (cyan) and top two
IFD score-ranked poses in the induced fit model 1Q5K_1UV5 (green
and brown). Also shown is the X-ray crystal structure of 1Q5K aligned
to the three models (pink). The position of side chain of Phe67 in the
top-ranked induced model (brown) has been significantly deviated from
the side chain in the second ranked induced fit model and the X-ray
structures of 1UV5 (cyan) and 1Q5K (pink).

scoring function, and this observation is consistent with
that of an earlier report®.

In addition to crystal structures, we have also examined
the enrichment of actives by SP and XP docking in the
active site of induced fit models. As an example, we have
chosen the models of 1Q5K induced to fit ligands (2), (4)
and (6). The results of these docking studies are outlined
in Table 3.

As stated earlier, only one out of ten actives is retrieved
by either SP or XP docking in the active site of 1Q5K
crystal structure (row 1, Table 3; row 5, Table 2). However,
there is significant improvement in the retrieval of actives
by the three induced fit models (Table 3), with the excep-
tion of SP docking into the active site of 1Q5K_109U.
Here only one compound is returned in the top 5 and 10%
of the ranks. Interestingly, retrieval of actives by SP
docking in an ensemble of 1Q5K crystal structure and
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three induced fit models is better than that of the crystal
structure and two of the induced fit models (1Q5K_109U,
1Q5K_1UVS5). However, it is the same as that obtained in
1Q5K_1Q4L. On the other hand, XP docking in the
ensemble retrieves fewer actives than by the induced fit
models, 1Q5K_109U and 1Q5K_1Q4L. However, these
retrieval percentages are higher than those obtained from
docking to the binding pockets of the X-ray structure and
that of the induced fit model, IF_1UV5.

Tt is worth noting that the IF_1UV5 model was unable
to retrieve as many actives as the other induced fit models.
To investigate this, we analysed the side-chain conforma-
tions of active site residues. It was observed that varia-
tions in the side chains are mostly limited to the lower
side of the ligand pose (relative to the region Asp133—
Val135, Figure 6). The conformation Phe-67 on the loop
between two f-strands, swings into the active site relative
to X-ray conformation in the first top-ranked IFD model
and in the second top-ranked IFD model the orientation is
conserved (Figure 6). However, these conformational
changes will not explain the observed anomaly in the re-
trieval of actives. Inclusion of explicit waters in the mod-
elling might provide better clues towards an explanation.

The above results clearly demonstrate the utility of in-
duced fit models in the enrichment actives, particularly
when limited X-ray data are available. Thus, the lack of
retrieval of most actives in the top 10% of the database
ranks by XP or SP docking in the active site is compensated
by corresponding docking in the active sites of induced
fit models, which enrich considerably a larger number of
actives. The ensemble docking is also helpful, although
not to the same extent as in the case of the ensemble of
X-ray structures.

Conclusion

We have presented enrichment studies in the active sites
of six GSK-34 kinase X-ray structures. The induced fit
models are clearly useful in the enhanced recovery of actives
in enrichment studies carried out with SP and XP docking
methods. Generally, higher enrichment is obtained by XP
docking compared to SP docking. Larger enrichments are
obtained by docking into an ensemble of X-ray structures
versus the corresponding docking into an ensemble of an
X-ray structure and its induced fit models.
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